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D r .  T.L. Boardman 
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There have long been two problems w i t h  Computer Graphic T e r m i -  
n a l s .  The f i r s t  involves  t h e  t rade-of f  between dynamic motion 
f o r  l i m i t e d  amounts of  in format ion  on r e f r e s h  devices  and v i r -  
t u a l l y  unl imi ted  but  s ta t ic  o u t p u t  on s t o r a g e  devices .  
second involves  t h e  human e n g i n e e r i n g  problem of  long de lays  of 
graphic  image o u t p u t  t o  te rmina ls  a c r o s s  s ta i ldard communication 
lines. A s o l u t i o n  t o  both problems, presented  h e r e i n ,  i s  a 
graphic  te rmina l  system comprised of l o c a l  ( f loppy d i s k )  s t o r -  
age, a microcomputer, and a CRT which can be opera ted  simul- 
taneously i n  s t o r a g e  and r e f r e s h  modes. This system, b u i l t  
around a Tekt ronix  4014 CRT and I n t e l  3000 series microprocessor  
e lements ,  a c c e p t s  segmented images from a h o s t  computer, s t o r e s  
them on t h e  f loppy d i s k ,  and then  a c c e p t s  s h o r t  c o n t r o l  commands 
causing t h e  images t o  be d i s p l a y e d  i n  s t o r e  o r  r e f r e s h  mode w i t h  
l o c a l l y  augmented three-dimensional  t r a n s l a t i o n ,  r o t a t i o n ,  and 
s c a l i n g .  

The 

INTRODUCTION 

The a b i l i t y  t o  g e t  real  t i m e  p i c t o r i a l  o u t p u t  (graphics )  
e x i s t e d  f o r  n e a r l y  twenty years .  I n i t i a l l y ,  such output  
purpose cathode ray  tube  (CRT) systems and w a s  t h e r e f o r e  
i n  graphics  hardware c o s t s  and demaads. sr. t h e  s u p p o r t i c g  
The s t o r a g e  CRT, f i r s t  a v a i l a b l e  approximately t e n  y e a r s  
v i t h  hardware t h a t  could s t o r e  graphic  images on t h e  CRT 
a s tandard  t e l e t y p e - l i k e  te rmina l .  

from d i g i t a l  computers has  
w a s  generated on s p e z i a l  
extremely expens ive  both  
d i g i t a l  co-,Fl?ting s y s t e m .  
ago, reduced t h e s e  c u s t s  
i t s e l f  and c 2  o p e r a t e d  as 

The i n c l u s i o n  of minicomputers i n t o  t h e  r e f r e s h  type (non-storage) g r a p h i c s  d e v i c e s  
h a s  allowed them t o  o p e r a t e  a s  t e l e t y p e - l i k e  t e r m i n a l s ,  reduced t h e i r  hardware 
c o s t s ,  and s u b s t a n t i a l l y  reduced t h e i r  demands on suppor t ing  computing s y s t e m .  
This  h a s  made s t o r a g e  and r e f r e s h  graphics  t e r m i n a l s  similar i n  output  c h a r a c t e r -  
i s t ics ,  c o s t ,  and demand on support ing computing systems (1) .  

There remains,  however, a z a j o r  d i f f e r e n c e  between s t o r a g e  and r e f r e s h  g r a p h i c s  
t e r m i n a l s .  Storage d e v i c e s ,  by t h e i r  n a t u r e ,  can d i s p l a y  an e s s e 7 t i a l l y  u n l i m i t e d  
amount of information,  but  t h i s  information can only be modified (e rased  and re- 
w r i t t e n )  approximately once each second. Ref resh  devices  can d i s p l a y  less t h a n  
one-tenth t h e  information t h a t  storage can but can modify i t  many times p e r  second 
p e r m i t t i n g  smooth, dynamic motion. 

This paper  descr ibes  a system which u t i l i z e s  t h e  hardware char3c ter i s t ic . s  of 
Tekt ronix  401G te rmina ls  and a custom n i c r o p r o c e s s o r  t o  produce a s i n g l e  c e r n i n a l  
which p e r m i t s  both s t o r a g e  and re f resh  graphics .  Using t h e  s t o r a g e  o p t i o a ,  a 
v i r t u a l l y  unl imited 3mour.t of information may b e  d isp layed  s t a t l c a l l y .  Using t h e  
process ing  c a p a b i l i t i e s  and memory of t h e  microprocessor ,  coupled with a l o c a l  
f loppy d i s k ,  a l i m i t e d  amount of informacion may be d isp layed  wi th  dynamic t r a n s -  
l a t i o n ,  r o t a t i o n ,  and s c a l i n g  i n  two and three dimensions.  

*This r e p o r t  was prepared 3 s  a result of work performed under SASA Contrac t  No. 
NxS1-14!0! while  the  authnrq wt't-c' :n rL'Tidenre a t  ICASE,  KASA k i n g l e y  Research 
Center ,  Hampton, V i r g i n i a  23665. 
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SYSTEM HARDWARE REQUIREMENTS 

Development of  a g r a p h i c s  d e v i c e  which can d i s p l a y  informat ion  i n  both  s t o r a g e  and 
r e f r e s h  modes, perform dynamic t r a n s l a t i o n ,  r o t a t i o n ,  and s c a l i n g ,  and be connected 
t o  a h o s t  computer as a t e l e t y p e - l i k c  te rmina l  d i c t a t e s  many hardware requi rements .  

The f i r s t  s e t  o f  requirements  r e l a t e  t o  t h e  CRT i t s e l f .  A devfce  which i s  capable  
of opera t ing  i n  both s tore  and r e f r e s h  modes, has  adequate  image s i z e  and resolu-  
t i o n ,  and can b e  w r i t t e n  a t  very high speeds i s  necessary .  The Tekt ronix  4014 
meets t h e s e  requirements .  I t  can s t o r e  an  unl imi ted  amount of  in format ion ,  has  a 
280 l i n e  per i n c h  r e s o l u t i o n  over a f o u r t e e n  by e leven  inch  s c r e e n ,  and can be 
w r i t t e n  f a s t  enough t o  d i s p l a y  s e v e r a l  hundred l i n e s  i n  r e f r e s h  mode. 

The g l o b a l  requirements  of  t h e  microprocessor  a r e  d i c t a t e d  by t h e  d e v i c e s  which 
i t  in te rconnec ts :  t h e  Tekt ronix  4014 and t h e  h o s t  computer which i s  u l t i m a t e l y  
provid ing  the i n f o r m a t i o n  t o  be d isp layed .  
to t h e  4014 is  100,000 b y t e s  per  second. 
m e t  t o  maximize t h e  informat ion  which can be d i s p l a y e d  i n  r e f r e s h  mode. 
h o s t  computer, communicating wi th  t h e  graphics  terminal as though i t  were a 
t e l e t y p e - l i k e  d e v i c e  a c r o s s  an  asynchronous communication l i n e ,  w i l l  o p e r a t e  no 
f a s t e r  than 2000 b y t e s  ( c h a r a c t e r s )  per  second and perhaps as s lowly as t h i r t y  
b y t e s  p e r  second. 

This v e r y  low communication rate g r e a t l y  i n f l u e n c e s  t h e  d e s i g n  of t h e  micropro- 
cessor. 
computer. 
computer t o  p e r m i t  t h e i r  d i s p l a y  i n  a dynamic, real  t i m e  mode. 
immediately obvious,  images t o  b e  d i sp layed  i n  s t o r a g e  mode should  a l s o  be s t o r e d  
i n  the microcomputer. I f  t h i s  is  n o t  done, u s e r  d i r e c t e d  e l i m i n a t i o n  of a p o r t i o n  
of t h e  s tored image w i l l  r e q u i r e  t h e  e n t i r e  remaining s t o r e d  image t o  be r e t r a n s -  
d t t e d  across  t h e  slow communications l i n e .  

The maximum informat ion  t r a n s f e r  rate 
T h i s  t r a n s f e r  ra t s  should c e r t a i n l y  be 

A t y p i c a l  

It d i c t a t e s  t h a t  images t o  be r e f r e s h e d  must b e  s t o r e d  i n  t h e  micro- 
Fur ther ,  t ransformat ions  t o  these images must be p e r f o r m e d - i n  t h e  micro- 

Although n o t  

The r e s u l t i n g  t e r m i n a l  a r c h i t e c t u r e  i s  shown i n  F igure  1.  
b i t  s l i c e  microprocessor  ( I n t e l  3000 system) conf igured  t o  execute  two m i l l i o n  
i n s t r u c t i o n s  p e r  second t o  meet t h e  requirements  of t h r e e  dimensional  inage  t r a n s -  
format ion  i n  r e a l  t i m e .  I n  a d d i t i o n ,  i t  i n c l u d e s  an asynchronous,  s e r i a l  conmuni- 
cations i n t e r f a c e  t o  t h e  h o s t  computer, a f loppy d i s k  capable  of  s t o r i n g  250,000 
b y t e s  of coded image d e s c r i p t i o n s ,  r e f r e s h  b u f f e r  memory, a m u l t i p l y / d i v i d e / t r i g -  
metr ic  func t ion  u n i t ,  and a 100,000 b y t e  p e r  second i n t e r f a c e  t o  t h e  Tekt ronix  
4014 CRT. 

As d e t a i l e d  below, images generated by t h e  h o s t  computer are t r a n s m i t t e d  t o  t h e  
se r ia l  i n t e r f a c e  i n  a character-coded form, converted t o  a s i x t e e n  b i t  i n t e r n a l  
r e p r e s e n t a t i o n ,  and s t o r e d  as d i s p l a y  u n i t s  c a l l e d  segments on t h e  f loppy d i s k .  
The h o s t  then t r a n s m i t s  h i g h l y  abbrevia ted  comands  t o  cause t h e  segments t o  b e  
moved from t h e  d i s k  t o  t h e  r e f r e s h  b u f f e r s ,  t ransformed by m a t r i x  processor  pro- 
grams, and d isp layed  i n  e i t h e r  r e f r e s h  o r  s t o r a g e  mode on t h e  Tekt ronix  4014. 

The d e t a i l s  of t h e  image genera t ion  and c o n t r o l  commands a v a i l a b l e  t o  t h e  h o s t ,  
t h e i r  microprocessor r e p r e s e n t a t i o n ,  t h e  microprocessor  hardware,  and t h e  g r a p h i c s  
system implementation sof tware  are descr ibed  i n  t h e  fo l lowing  s e c t i o n s .  

I t  is based around a 

USER GRAPHICS COMMANDS 

The microprocessor  is microprogrammed to  p r e s e n t  t o  t h e  g r a p h i c s  u s e r  a v i r t u a l  
graphics  d isp lay  processor  capable  of a c c e p t i n g  t h e  d e f i n i t i o n  of a t ree  s t r u c t u r e d  
image, s t o r i n g  t h a t  image, and d i s p l a y i n g  any o r  a l l  p a r t s  ( s u b t r e e s )  of  t h e  image 
e i t h e r  i n  r e f r e s h  o r  s t o r a g e  mode on t h e  Tekt ronix  4014. Images a r e  def ined  t o  the  
d i s p l a y  processor  by a s e r i e s  of c a l l s  from a h igher  l e v e l  language (FORTRAN o r  
PASCAL) t o  a set  o f  g r a p h i c s  subrout ines  whose d e f i n i t i o n  and c a p a b i l i t i e s  r e f l e c t  
c u r r e n t  d i sp lay  technology ( 2 ) .  Each s u b r o u t i n e  c a l l  r e p r e s e n t s  one u s e r  command. 
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Adherence t o  t h i s  syn tax  is enforced by t h e  system. An a p p r o p r i a t e  e r r o r  message 
is i s sued  when t h e  syn tax  is v i o l a t e d  by an i l l e g a l  sequence of subrou t ine  ca l l s .  
It  would be more s y n t a c t i c a l l y  p l eas ing  t o  inco rpora t e  these  g raph ic s  commands i n t o  
t h e  syn tax  of the  programming language, b u t  w r i t i n g  a preprocessor  o r  modifying t h e  
FORTRAN or PASCAL compiler  is beyond t h e  scope and purpose of t h i s  p r o j e c t .  

The tree s t r u c t u r e d  d e f i n i t i o n  of an image c o n s i s t s  of  a c o l l e c t i o n  of  u s e r  numbered 
g raph ica l  SEGMENTS. Each SEGMENT de f ines  a sub-image and is  thc only  u n i t  t h a t  
possesses  a name ( i n t e g e r )  and g raph ica l  a t t r i b u t e s .  A SEGMENT c o n s i s t s  of  t h i s  
se t  of g raph ica l  a t t r i b u t e s  (descr ibed below), a 4x4 homogeneous coord ina te  t r ans -  
formation matr ix ,  a sequence of p r imi t ive  graphics  commands, g r a p h i c a l  a t t r i b u t e  
modifying commands, o r  CALLS to  o ther  segments. The CALL niechanisrn is used to 
gene ra t e  t h e  tree s t r u c t u r e  of t h e  image. S ince  t h e r e  i s  no c o n d i t i o n a l  branch  
g raph ics  command, r e c u r s i v e  ca l l s  would produce i n f i n i t e  loops  and are not  
a l lowed.  

There are seven segment manipulat ing u s e r  commands. 
commands s p e c i f y  t h e  i n i t i a t i o n  and te rmina t ion  of t h e  d e f i n i t i o n  of a pa r t i cu -  
l a r  segment, N. Opening a segment which a l r eady  e x i s t s  causes  its c o n t e n t s  t o  be  
e ra sed  immediately a f t e r  t h e  new d e f i n i t i o n  of t h e  segment is te rmina ted .  
APPEND(N) command is used i n  p l a c e  of t h e  OPEN command t o  add informat ion  t o  
segment N. 
t e n t s ,  t o  be d e l e t e d .  The DISPLAY(N) command causes  t h e  image s u b t r e e  wi th  r o o t  at 
segment N to be d i sp layed  on t h e  Tektronix 4014 sc reen .  
t h e  subimage t o  cease be ing  d isp layed .  
be ing  d isp layed  i n  s t o r a g e  mode, but w i l l  occur  upon encounter ing  t h e  next  ERASE 
command. The CALL(N) command causes an i n s t a n c e  of t h e  subimage def ined  by 
segment N t o  be d i sp layed  w i t h i n  the c u r r e n t  segment. 

Assoc ia ted  wi th  each  segment is a set o f  g raph ic s  a t t r i b u t e s  and t r ans fo rma t ions .  
The va lues  of t h e s e  a t t r i b u t e s  and t ransformat ions  are set t o  i n i t i a l  v a l u e s  when 
t h e  segment is c r e a t e d .  The u s e r  may change these  v a l u e s  a t  any t i m e  a f t e r  he  has  
de f ined  and c losed  t h e  segment. These va lues  normally apply  t o  an e n t i r e  segment 
and are compounded wi th  t h e  corresponding a t t r i b u t e s  of a l l  segments c a l l e d  from 
t h e  segment. The a t t r i b u t e  va lues  are s p e c i f i e d  by t h e  fo l lowing  t e n  a t t r i b u t e  
modifying commands: 

BLINK(N,rate)--gives b l i n k  rate of segment N. 
INTENS(N,value)--specifies i n t e n s i t y  va lue  of  segment N. 
LINETYPE(va1ue)--specifies l i n e t y p e  (do t t ed ,  dashed, e t c . )  of v e c t o r s  i n  segment N. 
TRANSLATE(N,X,Y,Z)--causes t he  t ransformat ion  ma t r ix  a s s o c i a t e d  wi th  segment N t o  
t r a n s l a t e  t h e  image by an amount (X,Y,Z). 
ROTATE(N,axis,angle)--causes t h e  image t o  be r o t a t e d  about  t h e  s p e c i f i e d  a x i s .  
SCALE(N,axis,amount)--causes the image t o  be scaled about  t he  s p e c i f i e d  axis by t h e  
s p e c i f i e d  amount. 
PERSPC(N,X,Y,Z)--causes t h e  image t o  be d isp layed  i n  pe r spec t ive ,  w i t h  viewpoint  
l o c a t e d  a t  (X,Y,Z). 
INTMTX(N,A)--specifies a 4x4 matr ix  A to be t h e  t ransformat ion  matrix a s s o c i a t e d  
w i t h  segment N. 
STORE(N)--causes segment N t o  be  d isp layed  on t h e  4014 i n  s t o r a g e  mode. 
REFRESH(N)--causes segment N t o  be d i sp layed  on the  4014 i n  r e f r e s h  (wri te- through)  
mode. 

The OPEN(N) and CLOSE(N) 

The 

The DELETE(N) command causes  t h e  segment i t s e l f ,  as w e l l  as its con- 

The BLANK(N) command causes  
This  w i l l  no t  occur  immediately f o r  segments 

The use r  may w i s h  t o  have one or more of these  a t t r i b u t e s  change as t h e  processor  
is d i sp lay ing  t h e  segment. 
a t t r i b u t e  commands wh i l e  segment N i s  s t i l l  open. This causes  d i s p l a y  i n s t r u c t i o n s  
t o  be generated and i n s e r t e d  i n t o  t h e  segment which change the  a s s o c i a t e d  a t t r i b u t e  
a t  t h a t  po in t .  
a g a i n  changed. 

Thus t h e  PICTURE CONTROL user commands can be used i n  two d i f f e r e n t  ways t o  g e n e r a t e  
e i t h e r  segment header  va lues  or  p i c t u r e  c o n t r o l  i n s t r u c t i o n s .  

This  may be  p re sc r ibed  by i s s u i n g  any of t h e  above 

The changes r e m a i n  i n  e f f e c t  f o r  t h e  rest  of t h e  segment o r  u n t i l  

Thus t h e  use r  can ,  
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f o r  example, a s s o c i a t e  t r ans fo rma t ion  w i t h  each  c a l l e d  s u b p i c t u r e  (segment) and 
a l s o  a s s o c i a t e  t rmsfo rma t iu r i  w i t h  each CALL i t s e l f .  Also, by us ing  PUSli 2nd Put’. 
t h e  user can o p t i o n a l l y  cause t he  t r ans fo rma t ions  t o  c a r r y  ove r  from one s u b p i c t u r e  
t o  another .  There i s  no un ive r sa l  agreement on which of t h e  s e v e r a l  p o s s i b l e  
a l t e r n a t i v e s  t o  t r ans fo rma t ion  COntKOl is  b e s t .  A d i s c u s s i o n  of t h e  advantages  
and disadvantages of each may be found i n  Thomas ( 4 ) .  

The a c t u a l  image i n  a segment is desc r ibed  by graphic  p r i m i t i v e  commands. 
POSITION(X,Y,Z) command causes  t h e  CRT beam t o  be moved t o  c o o r d i n a t e  (X,Y,Z) i n  a 
blanked mode. The DRAW(X,Y,Z) causes  t h e  beam t o  draw a l i n e  of t h e  c u r r e n t  l i n e -  
type  from i ts  c u r r e n t  p o s i t i o n  t o  p o s i t i o n  (X,Y,Z). The TEXT(string) command 
causes  t h e  t e x t  s t r i n g  t o  b e  d i sp l ayed  a t  t h e  cu r ren t  beam p o s i t i o n  us ing  t h e  
c u r r e n t  symbol he igh t .  The ERASE command causes a l l  segments i n  s t o r a g e  mode t o  
b e  e rased  from t h e  Tekt ronix  4014 sc reen ,  and only  those  which a r e  now i n  DISPLAY 
mode to  be redrawn. 

The 

During ope ra t ion ,  the g raph ics  processor  main ta ins  a CURRENT t r a n s f o r m a t i o n  ma t r ix  
and a CURRENT se t  of  a t t r i b u t e s .  This  d a t a  is au tomat i ca l ly  pushed onto a s t a c k  
each  t i m e  a new segment is begun. 
are compounded with t h e  CURRENT ones t o  become t h e  new CURRENT a t t r i b u t e s  and 
t ransformat ions .  
t h e  PUSH and POP commands can be  used by t h e  u s e r  t o  push o r  pop t h e  CURRENT 
a t t r i b u t e s  and t r ans fo rma t ions  from t h e  s t ack .  

The new segment a t t r i b u t e s  and t r ans fo rma t ions  

The s t a c k  i s  popped a f t e r  a segment is  f i n i s h e d .  I n  a d d i t i o n ,  

A f i n a l  g raphic  p r i m i t i v e  command, t h e  S4014(s t r ing)  command, is used o n l y  w i t h  
segment zero.  
used w i t h  segment ze ro .  
4014 software.  
c o n t r o l  and d a t a  c h a r a c t e r s ,  d i r e c t l y  i n t o  segment zero.  The a t t r i b u t e  commands 
may no t  be used wi th  segment ze ro ,  which i s  assumed t o  posses s  t h e  d e f a u l t  a t t r i -  
bu te  values.  O f  cou r se ,  t h e  4014 c o n t r o l  c h a r a c t e r s  i n  t h e  S4014 command may 
change these  a t t r i b u t e s ,  bu t  au tomat ic  m u l t i p l i c a t i o n  of a l l  c o o r d i n a t e s  by t h e  
c u r r e n t  t r a n s f o m a t i o n  ma t r ix  i s  suppressed when process ing  segment ze ro .  

No o t h e r  p r i m i t i v e  graphics  commands O K  a t t r i b u t e  commands may be 
This command is included for  c o m p a t i b i l i t y  w i t h  e x i s t i n g  

It p laces  t h e  s t r i n g  of c h a r a c t e r s ,  assumed t o  be v a l i d  4014 

This graphics processor  i s  b a s i c a l l y  a d i s p l a y  processor .  I t  does ,  however, have 
some use r  i npu t  commands. The XHRON(X,Y,Z) command causes  t h e  4014 c r o s s h a i r  
cu r so r  t o  be turned  on a t  p o s i t i o n  ( X , Y , Z ) .  The XHROFF command t u r n s  o f f  t h e  
c r o s s h a i r  cursor .  The ENQXHR command causes  t h e  4014 t o  send t o  t h e  u s e r  program 
t h e  (X,Y) coord ina te s  of  t h e  c u r r e n t  p o s i t i o n  of t h e  c r o s s h a i r  c u r s o r .  The 
NEQBEM command causes  t h e  4014 t o  send t o  t h e  use r  program t h e  c u r r e n t  (X,Y> 
coord ina tes  o f  t h e  CRT beam. 

REVIEW OF MICROPROCESSOR ARCHITECTURE 

As i nd ica t ed  i n  F igure  1, t h e r e  are fou r  hardware requi remehts  of t h e  d i s p l a y  
c o n t r o l l e r :  
asynchronous l i n e ,  s t o r a g e  of image segments on a f loppy d i s k ,  a p p l i c a t i o n  of a 
t ransformat ion  matrix t o  coord ina te s ,  and communication a c r o s s  a 10OKB p a r a l l e l  
connection t o  the  Tekt ronix  4014. I n  a d d i t i o n ,  f o u r  so f tware  t a s k s  must be per- 
formed: r e fo rma t t ing  of image d e s c r i p t i o n s  from t h e  h o s t  i n t o  an  e a s i l y  manipu- 
l a t i b l e  form, i n t e r p r e t a t i o n  of hos t  c o n t r o l  commands ( d i s p l a y ,  s t o r e ,  replace, 
t r a n s l a t e , . . . ) ,  d i s k  segment management, and u s e r  i npu t  p rocess ing .  I n  o r d e r  t o  
reduce the h a r d w a r e  complexity,  reduce t h e  l o g i c  package count ,  and p rov ide  a 
f l e x i b l e  means of implementing the  so f tware  func t ions ,  a microprocessor  s y s t e m  
w a s  developed. 

communication wi th  t h e  host computer a c r o s s  a low speed s e r i a l ,  

The microcomputer, based around I n t e l  3000 series e lements ,  is shown i n  F igu re  2. 
It inc ludes  a s i x t e e n  b i t  a r i t h m e t i c  u n i t  ( e i g h t  two-bit s l i c e s ) ,  a n e x t  i n s t r u c t i o n  
u n i t  capable of access ing  512 s t s t y b i t  words, and an i n t e r r u p t  u n i t  capable  of 
hand l ing  e i g h t  e x t e r n a l  dev ices .  The s i x t y - b i t  i n s t r u c t i o n  word is  d i v i d e d  i n t o  
the fo l lowing  f u n c t i o n a l  f i e l d s :  
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Control  of Carry Inputs  and Outputs  t o  Ar i thme t i c  Un i t s  
Next I n s t r u c t i o n  Address Funct ion 
Mask Inpu t  t o  Ari thmetic  Un i t s  
Arithmetic Unit  Function 
B i t s  Used t o  Control E x t e r n a l  Devices 
B i t s  Used t o  S e l e c t  Ex te rna l  Device Being Act ivated 
Disable  I n t e r r u p t s  Between Th i s  and Subsequent I n s t r u c t i o n s  
Disable  Storage of Ari thmetic  U n i t  Resu l t  
P e r m i t  Ex te rna l  Deviccs t o  Extend t h e  CPU Cycle 
Branch t o  che Ari thmetic  Unit  Output Value 
S t o r e  I n t e r r u p t  Address 
Memory Enable 
Memory Write Operation 

Details of t h e  use  of t h e s e  f i e l d s  a r e  desc r ibed  i n  a paper  on t h e  microcomputer 
a r c h i t e c t u r e  (3) . 
The microprocessor  a r c h i t e c t u r e  i s  designed s o  as t o  p rov ide  two f u n c t i o n s  w i t h i n  
t h e  d i s p l a y  c o n t r o l l e r .  F i r s t ,  the  v a r i o u s  so f tware  t a s k s  are executed by t h e  
a r i t h m e t i c  u n i t  s i m p l i f y i n g  implementation, debugging, and mod i f i ca t ion  of 
i n s t r u c t i o n s  and a lgo r i thms .  Second, non- t ime-c r i t i ca l  l o g i c  f u n c t i o n s  are 
implemented a s  combinations of a r i t h m e t i c  u n i t  i n s t r u c t i o n s  r e p l a c i n g  l o g i c  c h a i n s  
in t h e  hardware dev ice  i n t e r f a c e s .  

The microprocessor  hardware i s  organized t o  communicate wi th  e i g h t  e x t e r n a l  d e v i c e  
i n t e r f a c e s  a c r o s s  a seventy p i n  bus a s  i n d i c z t e d  ir? F i g m e  3. 
are implemented: t h e  ser ia l  i n t e r f a c e  t o  t h e  h o s t ,  an  extended a r i t h m e t i c  u n i t  
p rov id ing  mul t ip ly ,  d i v i d e ,  and t r i g o m e t r i c  f u n c t i o n s ,  a d i s k  i n t e r f a c e ,  and an  
i n t e r f a c e  t o  t h e  Tektronix 4014. General ly  t h e s e  i n t e r f a c e s  perform handshaking 
and d a t a  f o r m a t t i n g  (serial t o  p a r a l l e l  conversion)  f o r  t h e  p a r t i c u l a r  d e v i c e s  
wi th  a l l  sequencing, d a t a  s t o r a g e  and man ipu la t ion  f u n c t i o n s  performed by micro- 
i n s t r u c t i o n s .  

Four of those  d e v i c e s  

IMPLEMENTATION OF GWHICS COMMANDS ON MICROPROCESSOR ARCHITECTURE 

The implementation of t h e  graphics  commands on t h e  microprocessor  d i v i d e s  i t s e l f  
n a t u r a l l y  i n t o  two t a s k s  which can l o g i c a l l y  run i n  p a r a l l e l .  
resembles a s m a l l  compiler .  It accepts  u s e r  g r a p h i c s  commands from t h e  h o s t  
computer and gene ra t e s  a segmented g raph ic  d i s p l a y  list. Each numbered segrr.ent 
of t h e  list con ta ins  g raph ic  p r i m i t i v e  i n s t r u c t i o n s  d e s c r i b i n g  a sub-inage. 
d i s p l a y  l ist  i s  much l i k e  the  ob jec t  code of any p r o g r a m i n g  language compiler .  
The second t a s k  i s  an i n t e r p r e t e r  for  t h e  d i s p l a y  l i s t  which causes  t h e  image t o  
be drawn on t h e  Tektronix 401$ d i sp lay .  The i n t e r p r e t e r  can be d i r e c t e d  by t h e  
DISPLAY u s e r  command t o  i n t e r p r e t  any s e l e c t e d  segment or segments of t h e  d i s p l a y  
list. I f  one segment c o n t a i n s  a CALL t o  ano the r  segment, t h e  i n t e r p r e t e r  r ecu r -  
s i v e l y  invokes i t s e l f  t o  i n t e r p r e t  t h e  c a l l e d  segment. 

The compiler  and i n t e r p r e t e r  t a s k s  communicate by s h a r i n g  common d a t a  a r e a s ,  con- 
s i s t i n g  of t h e  segments of t h e  d i sp lay  l i s t ,  and a segment c o n t r o l  t a b l e  (SCT). 
The SCT c o n t a i n s  a two word e n t r y  f o r  each segment which desc r ibes  t h e  c u r r e n t  
s t a t u s  of t h a t  segment. Its format i s  shown below: 

The f i r s t  t a s k  

This  

I WAKEUP I IN-USE I DISPLAY 1 DRAWN ONCE I ADDRESS 1 
1 NOT USED I I I LENGTH I 

The wakeup b i t  and in-use b i t  a r e  used t o  lock  o u t  bo th  t h e  compiler and i n t e r p r e t e r  
t a s k s  from access ing  the  same segment  a t  once. Both t a s k s  compete f o r  segment 
access on e q u a l  p r i o r i t y .  
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The d i s p l a y  b i t  is set  upon r e c e i v i n g  a DISPLAY h o s t  command, and informs the  
i n t e r p r e t e r  t h a t  t h i s  segment should be d isp layed  ( i n t e r p r e t e d ) .  
l e n g t h  spec i fy  where t o  begin i n t e r p r e t a t i o n  of t h e  segment, and i t s  l eng th .  

A segment may r e s i d e  on d i s k  o r  i n  main memory. The compiler  t a s k  gene ra t e s  and 
modi f ies  segments only i n  main memory. A segment can be a r b i t r a r i l y  long and is 
s t o r e d  i n  main memory i n  chained f ixed  l eng th  blocks.  This l e n g t h  is an assembly- 
t i m e  parameter t o  t h e  system. The f irst  two words of each segment s t o r a g e  block 
c o n t a i n  the l eng th  of t h e  s t o r a g e  block and a p o i n t e r  t o  t h e  nex t  s t o r a g e  block 
f o r  t h i s  segment. 

When t h e  compiler exhaus ts  memory space ,  i t  c a l l s  a d i s k  I f 0  s u b r o u t i n e  t o  write 
a l l  blocks of some segments t o  d i s k .  The d i s k  I f 0  w i l l  f i r s t  w r i t e  t o  d i s k  those 
segments which are not  s p e c i f i e d  t o  be d isp layed .  Af t e r  t h i s  i t  w i l l  w r i t e  seg- 
ments  which have a l r e a d y  been d i sp layed  i n  s t o r a g e  mode. Then i t  w i l l  s t o r e  seg- 
ments  which are t o  be d i sp layed  i n  s t o r a g e  mode. 
needed it s t o r e s  segments s p e c i f i e d  t o  be d i sp layed  i n  r e f r e s h  mode. 

I f  t h e  i n t e r p r e t e r  is  c a l l e d  t o  i n t e r p r e t  a segment which is d i s k  r e s i d e n t ,  i t  
first cal ls  t h e  d i s k  I f 0  t o  r ead  t h e  e n t i r e  segment i n t o  main memory. This  means 
that main memory s i z e  l i m i t s  t h e  image complexity (segment l e n g t h )  t h a t  can be 
d i sp layed .  
The d i s k  is f a s t  enough t o  suppor t  i n t e r p r e t a t i o n  d i r e c t l y  excep t  f o r  a worst  case 
segment conta in ing  many move and draw commands which are f a s t  on t h e  4014. 

A segment conta ins  d i s p l a y  commands i n  a l l  bu t  t h e  f i r s t  two words. Segment d i s -  
p l a y  commands are e i t h e r  segment header  in format ion  o r  d i s p l a y  i n s t r u c t i o n s .  The 
f i r s t  seventeen words of t h e  f i r s t  s t o r a g e  block o f  each segment c o n t a i n  header 
in format ion  desc r ib ing  t h e  g raph ic  a t t r i b u t e s  of t h e  segment. These a t t r i b u t e s  
are i n i t i a l l y  set  t o  d e f a u l t  v a l u e s  when t h e  segment i s  c r e a t e d ,  and are modified 
as graphic  a t t r i b u t e  commands are processed by t h e  compiler .  The f i r s t  s i x t e e n  
words of the  header  con ta in  a 4x4 homogeneous coord ina te  t r ans fo rma t ion  matrix 
a s s o c i a t e d  wi th  t h e  segment. This  can be used t o  s p e c i f y  r o t a t i o n s .  t r a n s l a t i o n s ,  
s c a l i n g s ,  and pe r spec t ive  t r ans fo rma t ion  on t h e  segment image. B i t s  i n  t h e  
seventeenth  word s p e c i f y  t h e  segment ' s  i n t e n s i t y ,  l i n e t y p e  ( s o l i d ,  d o t t e d ,  e t c . ) ,  
symbol height ( f o r  t e x t ) ,  and whether i t  is t o  be d isp layed  i n  s t o r a g e  o r  r e f r e s h  
mode. Before i n t e r p r e t i n g  t h e  d i s p l a y  i n s t r u c t i o n s  of a segment, t h e  i n t e r -  
p r e t e r  task pushes t h e  c u r r e n t  a t t r i b u t e s  onto  a pushdown s t a c k  and compounds t h e  
a t t r i b u t e s  i n  t h e  segment header  wi th  the  c u r r e n t  a t t r i b u t e s .  This  compounding 
c o n s i s t s  mainly of mul t ip ly ing  t h e  4x4 t ransformat ion  matrix by t h e  c u r r e n t  
t ransformat ion  mat r ix .  

The address  and 

A n u l l  p o i n t e r  i n d i c a t e s  t h e  end of t h e  segment. 

I f  main memory space  is  st i l l  

This  des ign  d e c i s i o n  w a s  made because i t  s i m p l i f i e d  t h e  i n t e r p r e t e r .  

The d i sp lay  i n s t r u c t i o n s  are c l a s s i f i e d  i n t o  fou r  groups: v e c t o r  i n s t r u c t i o n s ,  
CALL i n s t r u c t i o n ,  TEXT i n s t r u c t i o n ,  and p i c t u r e  c o n t r o l  i n s t r u c t i o n s .  There are 
f i v e  vec tor  i n s t r u c t i o n s  a l lowing  t h e  CRT beam t o  be moved blanked o r  unblanked 
from its cur ren t  p o s i t i o n  t o  any g iven  (X,Y) coord ina te s  on t h e  sc reen .  These 
v e c t o r  i n s t r u c t i o n s  are genera ted  by t h e  compiler  t a s k  from t h e  POSITION X, 
POSITION Y ,  POSITION 2, DRAW X,  and DRAW EXD Y user commands. The f u l l  wordsize 
o f  t h e  microprocessor i s  used t o  s p e c i f y  a l l  coo rd ina te s  t o  s i x t e e n  b i t s  of 
p r e c i s i o n ,  even though t h e  Tekt ronix  4014 has  only  twelve b i t  s c r e e n  address ing .  
The e x t r a  b i t s  s e rve  as guard d i g i t s  a g a i n s t  roundoff e r r o r  when mul t ip ly ing  
coord ina tes  by t h e  4x4 t ransformat ion  matr ix .  

The CALL i n s t r u c t i o n  r e c u r s i v e l y  invokes the  i n t e r p r e t e r  on t h e  c a l l e d  segment. 
The TEXT i n s t r u c t i o n ,  genera ted  by t h e  SYMBOL u s e r  command, d i s p l a y s  text a t  t h e  
c u r r e n t  beam pos i t i on .  

Seven of  the n ine  p i c t u r e  c o n t r o l  cormnands s p e c i f y  a new v a l u e  f o r  t h e  cu r ren t  
4x4 t ransformat ion  mat r ix ,  o r  any one of t h e  o t h e r  s i x  g raph ic  a t t r i b u t e s .  
i n t e r p r e t a t i o n  a new c u r r e n t  t ransformat ion  ma t r ix  is  c a l c u l a t e d  by mul t ip ly ing  
t h e  e x i s t i n g  t ransformat ion  ma t r ix  wi th  t h e  ma t r ix  s p e c i f i e d  by t h e  p i c t u r e  c o n t r o l  

During 
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i n s t r u c t i o n .  The ROTATION use r  command ('aiises t h e  i n t e r p r e t e r  t o  c a l c u l a t e  a 4 x L  
r o t a t i o n  matrix a s s o c i a t e d  wi th  the  i n s t r u c t i o n .  The MATRIX CONTROL use r  command 
d i r e c t l y  s p e c i f i e s  t h e  mat r ix  elements d s soc ia t ed  wi th  the  i n s t r u c t i o n .  

The HALT, INTENSITY, LINETYPE, BLINKRATE, SYMBOL HEIGHT, o r  BEAM TYPE user commands 
generate p i c t u r e  c o n t r o l  i n s t r u c t i o n s  which cause  the  i n t e r p r e t e r  t o  compound t h e  
a t t r i b u t e  i n  the  i n s t r u c t i o n  with t h e  corresponding cu r ren t  a t t r i b u t e .  The PUSH 
and POP user  commands cause the  cur ren t  a t t r i b u t e s  t o  be pushed o r  popped on t h e  
same s t a c k  used by t h e  CALL i n s t r u c t i o n .  
graphic  a t t r i b u t e s  which change dynamically w i t h  a segment, whereas t h e  segment 
header  s p e c i f i e s  a t t r i b u t e s  which p e r t a i n  t o  a n  e n t i r e  segment. 

As mentioned i n  s e c t i o n  I V Y  t he  microprocessor hardware w a s  designed t o  be 
i n t e r r u p t  dr iven .  
the hos t  computer. The i n t e r p r e t e r  is d r iven  by the  Tekt ronix  4014 i n t e r r u p t s .  
A r a t h e r  unusual  method of ob ta in ing  f a s t  response  t o  i n t e r r u p t s  is used. When an  
i n t e r r u p t  occurs ,  t h e  a p p r o p r i a t e  t a sk  executes  one o r  more c o l l e c t i o n s  of  micro- 
i n s t r u c t i o n s  c a l l e d  ke rne l s .  A ke rne l  of microcode runs  w i t h  i n t e r r u p t s  d i s a b l e d ,  
and las ts  no longe r  than about  f i f t y  microseconds (100 i n s t r u c t i o n s ) .  
i n s t r u c t i o n  of each ke rne l  saves  the  address  of  t h e  next  k e r n e l  t o  be  executed i n  
a known l o c a t i o n ,  and a l lows  any pending i n t e r r u p t s  t o  occur .  The maximum k e r n e l  
l e n g t h  is determined by t h e  frequency of  i n t e r r u p t s  from t h e  f a s t e s t  device .  
our case, t h e  d i s k  i n t e r r u p t s  every s i x t y  f o u r  microseconds and r e q u i r e s  t e n  micro- 
seconds t o  s e r v i c e ,  l eav ing  a t  most fou r t een  microseconds. Kerne ls  of f i f t y  micro- 
seconds g ive  a f o u r  microsecond s a f e t y  margin. 
i n t e r r u p t  a t  lower p r i o r i t y .  

This  g ives  t h e  u se r  a way t o  s p e c i f y  

The compiler t a sk  is d r iven  by t h e  use r  commands rece ived  from 

The last 

I n  

Other  devices  are slower and 

Each k e r n e l  is w r i t t e n  so t h a t  i t  does not  r e q u i r e  any p a r t i c u l a r  va lues  i n  t h e  
gene ra l  purpose CPU r e g i s t e r s  o r  s t a t u s  b i t s .  
i n t e r p r e t e r ' s  s t a c k  p o i n t e r  and r e g i s t e r  e i g h t  may be  used as temporary s t o r a g e  
w i t h i n  a ke rne l ,  bu t  i n t e r - k e r n e l  r e s u l t s  must be saved i n  main memory. 

T h i s  r e s u l t s  i n  ve ry  f a s t  t a s k  swi tch ing  upon an i n t e r r u p t .  
be  saved. The hardware, upon r ece iv ing  an i n t e r r u p t ,  t r a p s  t o  a p a r t i c u l a r  addres s  
a s soc ia t ed  wi th  t h a t  i n t e r r u p t .  Two mic ro - ins t ruc t ions  branch t o  t h e  addres s  i n  a 
known memory Inrition assoc ia t ed  with t h e  i n t e r r u p t .  
on ly  two mic ro ins t ruc t ion  t i m e s  (800 nanoseconds). 

When a t a s k  f i n i s h e s ,  i t  has  nothing t o  do u n t i l  r ece iv ing  its next  i n t e r r u p t  from 
its d r i v i n g  device .  A t  such times i t  pu t s  i t s e l f  t o  s l e e p  by ze ro ing  a b i t  i n  CPU 
r e g i s t e r  e i g h t  which i s  reserved  fo r  t h a t  purpose ,  and branching t o  addres s  ze ro .  
Address ze ro  con ta ins  a fou r  i n s t r u c t i o n  loop ,  executed i n  i n t e r r u p t a b l e  mode. 
Each two i n s t r u c t i o n s  of t h i s  loop check t h e  awake b i t  of one of  t h e  two t a s k s ,  and 
branch t o  t h e  addres s  of t h e  next  ke rne l  of t h e  f i r s t  awake t a s k .  I f  a l l  tasks are 
a s l e e p ,  t h e  CPU i d l e s  i n  t h i s  loop, awai t ing  a n  i n t e r r u p t .  The p r i o r i t y  of t h e  
two t a s k s  is determined by which one i s  checked f i r s t  and by t h e  p r i o r i t i e s  of  
t h e i r  d r i v i n g  i n t e r r u p t s .  
compiler  and i n t e r p r e t e r  c o n s i s t s  of t h i s  f o u r  i n s t r u c t i o n  i d l e  loop ,  two words a t  
each device ' s  i n t e r r u p t  address ,  and t h e  l as t  i n s t r u c t i o n  of each  k e r n e l  which 
saves an address .  

A l l  CPU r e g i s t e r s  except  :he 

No CPU s t a t u s  need 

Thus t a s k  swi tch ing  t akes  

Thus t h e  ope ra t ing  system which multiprograms between 

CONCLUSIONS 

The b a s i c  microprocessor  system along wi th  t h e  extended a r i t h m e t i c  u n i t ,  f loppy 
d i s k  i n t e r f a c e ,  se r ia l  i n t e r f a c e  t o  t h e  hos t  computer, and 2,000 s i x t e e n  b i t  
words of memory have been b u i l t ,  t e s t e d ,  and are now opera t ing .  A number of prob- 
lems occured l a r g e l y  due t o  pushing t h e  l i m i t s  o f  Schottky TTL l o g i c  t o  minimize 
t h e  CPU i n s t r u c t i o n  t i m e .  
and t h e  apparent  requirements  on the p r x e s s o r  i n d i c a t e  a one microsecond i n s t r u c -  
t i o n  t i m e  microprocessor  would be s u p e r i o r  t o  t h e  500 nanosecond implementat ion.  

Though t h e  s y s t e m  is  now func t iona l ,  t h i s  expe r i ence  
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The 512-word i n s t r u c t i o n  space  l i m i t a t i o n  and i n s t r u c t i o n  branching r e s t r i c t i o n s  
o f  t h e  I n t e l  3000 have caused t h e  most s e r i o u s  system problems. 
i n t e r p r e t e r  p o r t i o n  of t h e  so f tware  h a s  been implemented i n  t h e  microprocessor ,  
w i t h  t h e  compiler r e s i d e n t  i n  t h e  h o s t  computer, Another bank of 512 i n s t r u c t i o n s  
w i l l  be  added to accommodate t h e  compiler d o n g  w i t n  a p p r o p r i a t e  con tex t  switchinq 
l o g i c .  Another type  of  b i t  s l i c e  p rocesso r  such as t h e  AM 2900 or T I  74S48L would 
probably have s i m p l i f i e d  t h e  i n s t r u c t i o n  progranming p rocess .  Un io r tuna te ly  t h e s e  
were n o t  a v a i l a b l e  when t h e  p r o j e c t  was begun. 

C u r r e n t l y  only  t h e  

Shor t  o f  :hese problems, t h e  g r a p h i c s  s y s t e m  has  been a c l e a r  success .  
s e t  of h o s t  computer c a l l s  can  g e n e r a t e  segmented images,  a s s i g n i n g  them both 
s t r u c t u r e  and g raph ic  a t t r i b u t e s  i n  a convenient manner. 
microconputer ove r  conven t iona l  comiunicat ions equipment, t hey  can  b e  d i sp layed  
w i t h  t h e  f u l l  compliment o f  t w o  and t h r e e  dimensional  t r a n s f o m t i o n s  a v a i l a b l e .  
An e s s e n t i a l l y  unl imited amount o f  information can b e  s t o r e d  on t h e  s c r e e n ,  and 
approximately 600 vectors c a n  b e  r e f r e shed  w i t h  real  t i m e  t r ans fo rma t ions .  

A h i g h  l eve l  

Once t r a n s m i t t e d  t o  t h e  

This type  of g raph ic s  system s u p p o r t s  a new class o f  d i s p l a y  problem: one where 
t h e  ma jo r i ty  of t h e  image can  b e  s t a t i c  while a p o r t i o n  is  dynamical ly  changing. 
Experience is  i n d i c a t i n g  tha t  t h i s  r e p r e s e n t s  a v e r y  common and u s e f u l  class o f  
problem. 
r e d u c t i o n  a r e  a few examples of a c t i v i t i e s  which b e n e f i t  from t h i s  c a p a b i l i t y .  

Outputs o f  s imula t ions ,  computer a i d e d  d e s i g n  and i n s t r u c t i o n ,  and d a t a  

It is  a c t u a l l y  no t  s u r p r i s i n g  t h a t  t h i s  type  o f  g r a p h i c s  system i s  u s e f u l .  
viewer of a dynamic image cannot  pe rce ive  more than  several  hundred changing 
v e c t o r s  so more r e f r e s h  c a p a b i l i t y  i s  gene ra l ly  n o t  u s e f u l .  
vectors o f t e n ,  however, must b e  placed i n  t h e  c o n t e x t  o f  f i x e d  inages  i n  o rde r  
t o  maximize the  in fo rma t ion  t r a n s f e r  t o  t h e  viewer. It is  hoped tha t  such systems, 
r e l y i n g  on a v a i l a b l e  microprocessor  and d i s p l a y  technology as demonstrated i n  t h i s  
paper,  w i l l  become g e n e r a l l y  a v a i l a b l e .  

The 

Those changing 
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